The reported incidence of glucose intolerance in patients with cystic fibrosis ranges from 8-75%. Insulin dependent diabetes occurs in 1-2%, 10 times the incidence in the normal population.' Glucose intolerance is thought to result from disruption of islet cells due to pancreatic fibrosis which progresses with increasing age and severity of the disease; consequently it is usually found only in older fibrocystic patients. Glucose intolerance may cause weight loss and may result in an increase in the incidence and severity of respiratory infections. Impaired neutrophil function has been described in the presence of high blood glucose concentrations, and a correlation has been shown between prevalence of infection among diabetics and the degree of glucose control.2-5 We could find no such reports concerning patients with cystic fibrosis.
Poor glucose control results in glycosylation of haemoglobin with a corresponding increase in plasma concentrations. In insulin dependent diabetes concentrations of HbAj, correlate well with glucose control over the preceding 1-2 months. 6 Caiger et al recently suggested that determining HbAl concentrations periodically may be useful in monitoring glucose intolerance in fibrocystic subjects.7 Raised HbAl concentrations occur in such patients even when oral glucose tolerance tests give normal results. 8 Islet cell function in fibrocystic patients has been investigated, usually by measuring insulin concenrations following a stimulation test.9-12 C peptide is produced in equimolar proportions to insulin by cleavage of the pro insulin molecule in the (3 cell of the pancreas; it has no primary biological activity. Its main role seems to be to maintain the configuration of the insulin molecule. Unlike insulin, C peptide is not degraded by the liver and measurement of its activity gives a reasonable assessment of islet cell function.'3 The half life is 11-35 minutes compared with that of insulin (4-3-9-8 minutes). For these reasons there is less variation in peripheral C peptide activity during oral glucose tolerance tests.
In this study we assessed the importance of raised concentrations of HbAl in patients with cystic fibrosis by performing oral glucose tolerance tests and investigating islet cell function by measuring the 805 C peptide response to the glucose challenge. We also examined the possible effects of glucose intolerance on cystic fibrosis.
Patients and methods
Sixty four patients, with an age range of 1-20 years, who attended the cystic fibrosis clinic at Alder Hey Children's Hospital from January to June 1985 were entered into the study. The ethical committee approved the study, and consent was obtained.
HbA1 and random blood glucose concentrations were estimated in all patients on entry into the study and repeated every two to six months. Patients with raised HbAI concentrations, and where possible, age matched patients in whom HbAl concentrations were normal, were admitted to the ward after an overnight fast for a standard oral glucose tolerance test. None of the patients was taking drugs that could influence glucose tolerance for example, steroids or salbutamol-and none had acute infections at the time of the study. All had had an adequate intake of carbohydrate for at least three days before the glucose challenge. Glucose (1-75 g/kg, maximum 75 g) was given orally with 100-300 ml water. Blood was withdrawn through an intravenous cannula (which was maintained by an infusion of 0-9% saline) at 30 minute intervals from time 0 to 150 minutes for estimation of glucose concentrations and C peptide activity. Patients who were reluctant to be admitted for the oral glucose tolerance test were studied in the morning outpatient clinic. Blood from these patients was taken for estimation of glucose concentration at 0 and 120 minutes. The criteria used for the classification of the results of the glucose tolerance test depended on the fasting blood glucose concentration taken at these times. 14 Glucose and HbA, concentrations were estimated in blood preserved with fluoride oxalate. Samples were stored at minus 1)°C for up to one week before analysis. Glucose was measured using a glucose oxidase method (Yellow Spring Instrument). HbA1 concentrations were determined by ion exchange column chromatography and spectrophotometry (Biorad haemoglobin A,, by column test) and expressed as a percentage of the total haemoglobin. The interassay standard deviation for this method was (0-6 and the coefficient of variation 5-7%. The reference range for our laboratory is 5-3-8-8% for HbA,, representing two SD limits of the mean in normal paediatric patients. A value of HbA, above 9% was regarded as raised. The C peptide activity was measured by iadioimmunoassay at St Lukes Hospital, Guildford. '5Heparinised blood was taken on ice and the serum separated and stored at -20(C before analysis. Assay sensitivity has been calculated at 0-037 nmol/l with interassay variation of 0-02-0-1 nmol/l.
The severity of each patient's disease was assessed using the Shwachman score,'6 pulmonary function tests, and chest x-ray score. Pulmonary function tests were performed regularly on all patients attending the clinic and included measurement of peak flow, forced vital capacity (FVC), and forced expiratory volume in one second (FEVy). The chest x-rays were scored according to the Chrispin Norman scoring system. '7 The incidence of severe chest infections over the past two years and the incidence of colonisation of the respiratory tract by Pseudomonas spp was determined from retrospective study of the case notes. A serious chest infection was defined as an episode resulting in an increase in cough or purulent sputum, or both, acute changes on the chest x-ray, and deterioration in pulmonary function necessitating admission to hospital.
Student's t test was used to analyse the significance of differences between numbers, and the Mann-Whitney U test and Fisher's exact test for the differences between proportions.
Results
A raised HbA, concentration (mean 10-6%, range 9-1/-17-5%) was found on entry into the study in 21 of the 64 patients attending the clinic, which indicated impairment of glucose control in 32-8%. The mean (SD) HbA, concentration of the remaining 43 patients was 7-8 (0-9)%, range 5 9-8-8. These results are comparable with those obtained from 21 normal children admitted to Alder Hey Children's Hospital for routine operations (mean (SD) HbA, 7-4 (0-94)%, range 46-8-8). During the year after entry to the study, three more patients were found to have raised concentrations of HbA,.
Oral glucose tolerance tests were performed in 34 patients, each of whom had between two to six measurements of HbAI in the year after entry to the study. These 34 patients included 21 of the 24 patients who had one or more raised HbA, measurements, in addition to 13 other patients with cystic fibrosis of similar age who had normal concentrations of HbA,. The mean (SD) age of the two groups was 9-2 (5-8) years and 10-5 (5-1) years, respectively. Seven of the 21 patients (33-3%) with raised HbA, concentrations had abnormal glucose tolerance test results; three produced a diabetic response and two of these were insulin dependent (Fig 1) (Table) . Blood for estimation of HbA, concentration was taken at time zero. There were similar glucose concentrations at 120 minutes (5-6 mmol/l and 5-3 mmol/l, respectively).
The peak mean glucose concentration of patients in group 3 was reached at 90 minutes with a mean glucose concentration of 11-7 mmol/l at 120 minutes. Figure 3 shows the mean C peptide activity at each sampling time for each of the groups of 
patients. There was a rapid increase in C peptide activity in patients in the normal group to a peak at 60 minutes followed by a gradual fall. A slow rise, also with a peak at 60 minutes, was seen in group 2, but lower concentrations were present at all times. The rise in C peptide activity in group 3 was delayed, with a peak at 120 minutes; only two of the seven patients produced peak concentrations before 120 minutes (at 60 and 90 minutes). In the first two groups 11 of 17 had peak values at or before 60 minutes. Significant differences (p<0-05) were seen between measurements of C peptide activity at 30 and 60 minutes between groups 1 and 3 in addition to that between groups 1 and 2 at 120 minutes (p<O-05).
Two girls, aged 17 and 19 required insulin for symptomatic glucose intolerance; this was started two and four years before the study. Doses of insulin of 0-8 and 1-3 units kg/24 hours, respectively, were needed to achieve adequate control. On the day of the oral glucose tolerance test the morning dose of insulin was omitted following the overnight fast. Fasting glucose concentrations of 5-0 and 3-0 mmolIl were obtained. Maximum recorded C peptide activity occurred at 120 minutes in both, with values of 1-1 nmol/l and 0-3 nmol/l respectively. Neither had episodes of hyperglycaemic ketoacidosis.
The peak HbAj concentration for each of the 34 patients recorded during the year of the study correlated significantly with the HbA1 concentration measured in blood taken at the time of the oral glucose tolerance test (r=0-47 p<0-05). There was a negative correlation between HbAj concentrations and total C peptide activity, but this did not reach significance.
Patients with glucose intolerance were not significantly different from the normal group in respect of Shwachman score, number of serious chest infections, colonisation with Pseudomonas spp, lung function, and chest x-ray scores. The body mass index and height for age of patients among the groups did not differ significantly.
Discussion
When patients with cystic fibrosis attending Alder Hey Children's Hospital were screened for evidence of glucose intolerance, 24 of 64 (37-5%) were found to have raised HbA, concentrations. Glucose intolerance indicated by a standard oral glucose tolerance test was found in 33% of the patients assessed who had one or more raised measurements of HbAj concentration. All the patients who had consistently normal HbA, concentrations also had normal glucose tolerance. Dividing the patients into three groups enabled more detailed comparison to be made of the islet cell function as assessed by the blood glucose concentrations and C peptide activity during the oral glucose tolerance test.
The glucose profiles obtained from concentrations in blood measured during the oral glucose tolerance test groups 1 and 2 were similar, with comparable glucose concentrations recorded at 120 minutes. Differences were found in the islet cell response to the oral glucose load, however, when measurements of the C peptide activity were compared. Group 2 produced a slower rise in C peptide activity following the glucose load, with lower C peptide activity recorded at all times. This indicated impaired fi cell reserve in patients with raised HbA1 concentrations alone.
Peak glucose concentrations were reached at 30 minutes in group 1 and at 60 minutes in group 2,with peak C peptide activity in both groups at 60 minutes. In a normal population peak glucose concentrations occur at 30 minutes9 18 19 and peak C peptide activity between 30 and 60 minutesl'21' after an oral glucose load.
The mean (SD) rise in C peptide activity was 1-01 (0-2) nmol/l in the group of patients who had normal HbA1 concentrations and normal glucose tolerance. This compares with the range of mean values (0-9-2.2 nmol/l) recorded in normal adults. 1&2() Low immunoreactive insulin responses to glucose loads have been reported in patients with cystic fibrosis.9 1(1 By simultaneously measuring C peptide activity and insulin concentrations, Mohan et al showed that lower insulin concentrations in patients with cystic fibrosis are likely to be due to pancreatic f3 cell hypofunction rather than increased degradation of insulin in the liver.2' Increased responsiveness to insulin in peripheral tissue has been suggested as a cause in patients with cystic fibrosis,"' with an increase in the number and affinity of insulin receptors. 22 The data, are however, conflicting."
The glucose intolerant patients showed peak C peptide activity at 120 minutes, indicating defective release of insulin. These results agree with those obtained by Handwerger et al.9 The two insulin dependent patients studied both produced peak C peptide activity at 120 minutes. The patient who had been insulin dependent for two years, requiring insulin 0-8 units/kg/24 hours, produced a peak C peptide activity of 1-1 nmol/l. The other, an older patient who had been insulin dependent for four years and needed 1-3 units/kg/24 hours, produced a delayed poor response with peak activity of only 0-3 nmol/l, possibly indicating progressive deterioration in Pi cell function. Neither had episodes of ketoacidosis, and there was no family history of diabetes in either patient. Although the insulin requirements in patients with cystic fibrosis who develop diabetes are high (0-6-3.3 units/kg/day), 1 episodes of ketoacidosis do not occur. This has been explained by a reduced dietary fat intake in these patients, and the inability of the pancreas to produce sufficient glucagon. Glucagon directly opposes the action of insulin producing glycogenolysis, gluconeogenesis, and lipolysis. In diabetic patients with relatively severe diabetic ketoacidosis absolute hyperglucagonaemia has been reported.23 Impaired glucagon production has been shown in patients with cystic fibrosis. 1 1
We found a significant correlation between fasting and peak C peptide activity. This has also been shown in diabetic patients24 and indicates that the production of C peptide follows the law of the initial value, which states that the magnitude of the response is related to the concentration before stimulation.25 Fasting C peptide activity recorded in the three groups did not, however, differ significantly. There were also no significant differences in the increase and peak of C peptide activity achieved.
The reason all patients with cystic fibrosis should be assessed periodically for glucose intolerance. High concentrations of fetal haemoglobin in newborns and in some 1-2 year olds may produce falsely raised HbA, concentrations because fetal haemoglobin elutes with HbA, as a fast band on ion exchange column chromatography. Alternative methods of measuring HbAI that eliminate this error should be used in patients below the age of 2 years. The youngest glucose intolerant patient in our study was 3 years 8 months old. He had a HbAI concentration of 103% and blood glucose at 120 minutes of 9-3 mmol/l. He did not have glycosuria and was asymptomatic. His progress is being followed closely.
The clinical course of insulin dependent diabetes mellitus in cystic fibrosis is mild. Ketoacidosis does not occur and complications are rare. Provided growth is adequate and the patient is not troubled by symptomatic hyperglycaemia, the motivation to achieve good control is poor. The effect of glucose intolerance on infection in patients with cystic fibrosis has not been investigated.
Rayfield et al found a striking correlation between the overall prevalence of infection and mean plasma glucose concentrations in insulin dependent diabetes.5 In vitro studies have shown impairment of opsonisation, neutrophil adherence,2 chemotaxis,3 phagocytosis,4 and bactericidal activity5 in the presence of hyperglycaemia. Glucose intolerance may lead to an increase in the prevalence and severity of respiratory infections in patients with cystic fibrosis. In this study, however, no significant differences were found in the number of chest infections, the prevalence of colonisation with Pseudonomas spp, respiratory function, or the Shwachman score in the patients with cystic fibrosis and glucose intolerance compared with those with normal glucose intolerance.
In conclusion, periodic assessment of HbA, concentration is useful in determining the presence of glucose intolerance in patients with cystic fibrosis and in monitoring its course. Evidence of impaired 13 cell reserve was found in patients with raised HbA, concentrations, 33% of whom were glucose intolerant during an oral glucose tolerance test. Impaired neutrophil function as a result of hyperglycaemia may lead to an increase in the number and severity of chest infections. We did not, however, show such an effect in this study, and further in vitro and in vivo studies are necessary to investigate this. 
